The oxygen delivery (DO 2 ) and consumption (VO 2 ) relationship in brain-dead organ donors is unknown. Therefore, in a prospective study, we determined the DO 2 /VO 2 relationship in 21 consecutive brain-dead patients. Patients were allocated to one of two groups, according to plasma lactate concentration: normal (group NL, n : 11) or high (92.5 mmol litre 91 ) (group HL, n : 10). VO 2 was measured independently, using indirect calorimetry, under control conditions, during low DO 2 challenge with PEEP administration, and high DO 2 challenge with inflation of medical antishock trousers and volume expansion or blood transfusion, as required. Under control conditions, there were no significant differences between groups NL and HL in haemodynamic or oxygenation variables, both groups having a low VO 2 (mean 114
Transplantation of organs from brain-dead donors has become a common therapy for patients suffering from end-stage organ failure. Many physiological disturbances are associated with brain death, and management of the multiple organ donor is complex [1] . Failure to maintain cardiovascular and body homeostasis can induce sub-optimal organ perfusion and early graft dysfunction in the recipient [2] . However, in brain-dead patients, the optimal oxygen delivery (DO2) required to meet the metabolic demand and provide appropriate tissue oxygenation is unknown. Oxygen consumption (VO2), calculated using the Fick method, has been suggested as being low in brain-dead patients [3] [4] [5] . This phenomenon could be related either to a decrease in oxygen requirements similar to that observed in anaesthetized patients [6] [7] [8] or to a deceased DO2 because of hypovolaemia, left ventricular dysfunction, or both. Moreover, an abnormal DO2/VO2 relationship could occur in brain-dead patients, as reported previously in critically ill patients [9] [10] [11] . Indeed, several studies have supported the hypothesis of a decrease in oxidative metabolism in brain-dead patients [4, 12] , that could be explained by a VO2 supply dependency.
The aim of this study was to measure systemic DO2 and VO2 in brain-dead patients before and after variation in DO2, to determine the DO2/VO2 relationship. To ensure an accurate and valid assessment of this relationship, VO2 and DO2 were measured independently. Moreover, plasma concentrations of lactate may indicate if metabolism is predominantly aerobic or anaerobic, and has been used to assess organ donors [3, 5] . Consequently, we tested the hypothesis that the DO2/VO2 relationship could differ, according to plasma concentrations of lactate.
Patients and methods
The study was approved by the Ethics Committee of Pitié-Salpêtrière Hospital and conducted according to French legislation concerning multiple organ procurement. Brain death was certified by: a neurological examination demonstrating the absence of brainstem reflexes; an apnoea test performed with intratrachael continuous high flow (15 
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of 100 %; absence of spontaneous ventilation movement associated with an arterial PCO2 greater than 8 kPa; no electrical activity during a 20-min electroencephalographic recording; absence of hypothermia (35 ЊC) and drugs known to depress the central nervous system [1, 5] .
All patients had a stable haemodynamic state, characterized by a mean arterial pressure greater than 60 mm Hg without any change in requirements for fluids, inotropic support, or both, in the preceding hour, and without hepatic or renal failure. During the study, fluid therapy and inotropic support were guided by haemodynamic monitoring with a pulmonary artery catheter, urinary output and laboratory estimation of plasma concentrations of electrolytes [5] 
MEASUREMENTS
Haemodynamic measurements were obtained via an indwelling radial artery catheter and a pulmonary artery catheter (SP5507 S, Viggo-Spectramed, Montigny le Bretonneux, France) connected to a haemodynamic monitor (HP 78354, Hewlett-Packard, Andover, MA, USA). The following haemodynamic variables were measured: heart rate (HR), mean arterial pressure (MAP), mean pulmonary arterial pressure (MPAP) and pulmonary capillary wedge pressure (PCWP). Cardiac output was measured in triplicate using the thermodilution method, and the mean was calculated. Systemic vascular resistance (SVR) and cardiac index (CI) were calculated according to standard formulae. Transoesophageal echocardiography (HP Sonos 1500, HewlettPackard, Andover, MA, USA) was performed by a trained echocardiographer and left ventricular ejection fraction area (LVEFa) was calculated.
Plasma concentrations of lactate (normal values -2.5 mmol litre 91 ) were measured in control conditions using an enzymatic method (Dimension apparatus, Dupont de Nemours, Wilmington, DL, USA). As an increase in plasma concentrations of lactate is thought to reflect a shift from oxidative to anaerobic metabolism with tissue hypoxia, braindead patients were divided into two groups based on whether they had a normal (NL) or high (HL) plasma lactate concentration, above 2.5 mmol litre 91 , in control conditions. This value was not known during the study, so that physicians performed the DO2 challenge blinded.
Arterial and mixed venous blood was obtained to measure pH, partial pressures of oxygen (PO2) and carbon dioxide (PCO2), oxygen saturation (SO2) (BG Electrolytes Apparatus, Instrumentation Laboratory, Milano, Italy) and haemoglobulin (Hb) concentration (Cobas Argo, Apparatus, Roche, Basle, Switzerland). DO2 was calculated using the following formulae:
VO2 and DO2 were measured independently to obtain reliable results, avoiding mathematical coupling of shared variables [13] [14] [15] [16] . As reported previously [17] [18] [19] , VO2 was measured using a portable indirect calorimetry system (Deltatrac, Metabolic Monitor, Datax Instrumentation Corp, Helsinki, Finland). This metabolic monitor measures carbon dioxide and oxygen concentrations in inspired and expired gases per minute and calculates carbon dioxide production and oxygen consumption during that minute. These measurements were performed on the ventilator circuit with a paramagnetic oxygen sensor, a carbon dioxide infrared analyser and a flowmeter. This system has been validated previously for accuracy, sensitivity and reproducibility in the measurement of VO2 [17, 18] . The mean error in the measurement of VO2 at baseline and after increasing VO2 is 92 % (range 97 to 3 %) [19] . Calibration of the apparatus was performed with a mixture of 96 % oxygen and 4 % carbon dioxide before each use. For each patient, measurements were performed minute-by-minute over a 20-min period in which variation in minute-by-minute measurements of oxygen consumption was less than 5 %. In each patient, during each period of the study, VO2 was determined as the mean of 20 measurements over a 20-min period. All patients were ventilated mechanically with a constant
of 40 % throughout the study. Oxygen extraction was calculated by dividing VO2 by DO2:
The trachea was not suctioned and patients were not turned within the 30 min before acquisition of measurements and throughout the study. We performed a DO2 challenge to obtain changes in DO2 of at least <20 % from control DO2.
To decrease DO2, positive end-expiratory pressure (PEEP) was administered to decrease cardiac output. PEEP titration was performed to maintain MAP greater than 40 mm Hg. The level of PEEP was increased up to 10 or 15 cm H2O (mean 12 (SD 4) cm H2O). After a 15-min stabilization period, VO2 was measured.
To increase DO2, inflation of medical antishock trousers (MAST, Jobst Ltd, OH, USA) was undertaken to increase venous return and thus cardiac output [20] . The inflation pressure was approximately 40 cm H2O in the leg compartments and 30 cm H2O in the abdominal compartment. These levels of inflation pressure induce venous compression without arterial compression, enabling an increase in DO2 [20] . MAST inflation was followed by volume expansion of 500 ml of gelation solution (Plasmion, Laboratories Roger Bellon, France) or transfusion of packed red blood cells if packed cell volume was less than 30 %. This DO2 challenge was monitored using a pulmonary artery catheter to avoid PCWP values greater than 20 mm Hg. After a 15-min stabilization period, VO2 was measured.
At the end of each 20-min period, haemodynamic and metabolic variables were recorded, and arterial and mixed venous blood was obtained for blood-gas analysis. We determined VO2 in the same order: control conditions, low DO2 and high DO2, with a recovery period between low and high DO2 characterized by a stable haemodynamic and metabolic state, as in control conditions. STATISTICAL ANALYSIS Data are expressed as mean (SD or range). Comparison of control values between the two groups (NL and HL) was performed using the Student's t test and the Fisher's exact method. Comparison of several means was performed using repeatedmeasure analysis of variance and Newman-Keuls test. The relationship between VO2 and DO2 was fitted to a two-regression line model. The two bestfit regression lines were determined by the sum of least squares technique [21] . The critical DO2 represented the threshold, below which VO2 started to decrease with a further reduction in DO2. All P values were two-tailed and P : 0.05 was considered significant. Statistical analysis was performed on a computer using PCSM software (V3.1, Deltasoft, Meylan, France).
Results
We studied 21 brain-dead patients (15 men ). There were no significant differences between the two groups in age, cause of brain death, mean time lapse between causal event and brain death, body temperature, haemoglobin concentration, LVEFa and the number of patients receiving dopamine throughout the study or dose of dopamine (table 1) . Under control conditions, there were no significant differences in haemodynamic variables between groups NL and HL, except for cardiac index (table  2) . There were no significant differences between groups for DO2 (group NL, 428 (131) ) and VO2 was not significantly different between groups in control conditions (table  3) .
During the DO2 challenge, we observed a significant increase in DO2 in both groups during MAST application (group NL, ;24 (17) %, P : 0.05; group HL, ;48 (25) %, P : 0.05), and a significant decrease in DO2 in both groups during PEEP There was a different pattern in the DO2/VO2 relationship in groups NL and HL. VO2 increased with DO2 throughout DO2 challenge in patients in group HL, whereas patients in group NL exhibited small variations in VO2 (⌬VO2) during control and high DO2 conditions. Nevertheless, it should be pointed out that variations in DO2 (⌬DO2) were lower in group NL compared with group HL (48 (25) % vs 83 (26) %; P : 0.05). However, the magnitude of ⌬VO2/⌬DO2 was significantly higher in group HL than in group NL (0.13 (0.09) vs 0.05 (0.04); P : 0.05).
Individual analysis of the DO2/VO2 relationship is depicted in figure 1 . We observed a significant increase in the mean slope of the DO2/VO2 relationship in patients in group HL compared with patients in group NL (0.12 (0.09) vs 0.04 (0.07); P : 0.05). This DO2/VO2 relationship, either in NL or HL patients, impedes the use of a two-regression line model in each group and consequently the assessment of critical DO2 could not be achieved in either group ( fig. 1) .
As shown in table 3 and figure 2, we observed a different pattern in the 
Discussion
In this study, we observed a low VO2 in brain-dead patients, both in group NL and group HL (table 3) , and a different pattern in the DO2/VO2 relationship between these two groups. Pathological VO2 de- and oxygen delivery (DO2) during DO2 challenge in patients with normal plasma lactate concentrations (group NL, n : 11) (A) and high plasma lactate concentrations (group HL, n : 10 (B) under three conditions: low DO2 ( ), control DO2 ( ) and high DO2 (!). ) [22] . Moreover, in our study, VO2 values were close to those found in anaesthetized patients, where VO2 reached a plateau at 109 (16) ml min 91 m 92 or at 105 (13) ml min 91 m 92 , before and after cardiopulmonary bypass, respectively [6, 7] . During general anaesthesia, oxygen consumption decreased by 25-30 % [8, 23] , corresponding to the values found in our study during brain death. Mechanical ventilation decreases oxygen consumption and minimizes oxygen uptake. Consequently, similar VO2 values were observed during brain death and general anaesthesia [23] .
The DO2/VO2 relationship has been studied under many circumstances [24] [25] [26] [27] , but is often a source of controversy, mainly because an artefactual correlation between DO2 and VO2 can occur by sharing common data for cardiac output and arterial oxygen content leading to mathematical coupling of these variables [13, 16, 28] . In our study, VO2 was measured independently in order to avoid this pitfall. We used the gas exchange method to measure VO2 with a metabolic monitor which had been validated previously [17, 18] and exhibits a small error in VO2 measurement when 
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was maintained constant at 40 %. The second criterion for a reliable DO2/VO2 relationship is to minimize spontaneous and provoked variations in metabolic demand with no muscle activity to keep VO2 constant. These conditions are achieved in brain death. Moreover, the DO2/VO2 relationship may be influenced by body temperature [29] . In our study we did not observe any significant difference in temperatures between groups NL and HL which could explain the different pattern of the DO2/VO2 relationship. Furthermore, we performed a DO2 challenge with PEEP administration, fluid loading and MAST application, sometimes associated with blood transfusion. As reported previously, VO2 is not affected by any of these manoeuvres [16, 30] . Whereas the effects of catecholamines on cellular oxidative metabolism increase VO2 [10] , dopamine is not thought to increase VO2 at the low doses used in our study [16, 31] . Moreover, we did not observe any significant difference in dopamine doses between the two groups. Finally, to ascertain that a reliable DO2/VO2 relationship could be obtained it is necessary to have at least two data pairs for each patient over a wide range of DO2 values. We collected three data pairs for each patient over a DO2 variation of at least <20 % of control values, which was our minimal end-point in the DO2 challenge (table 3) . As reported previously, these different factors are essential to describe a reliable DO2/VO2 relationship [15] .
After DO2 challenge, we observed that patients in group HL had a different DO2/VO2 relationship pattern compared with patients in group NL ( fig. 1) . In group HL, the increased plasma lactate concentration suggested inadequate DO2 and that tissue oxygen requirements were no longer satisfied, and DO2/VO2 dependency was observed. Inadequate DO2 usually implies either hypoperfusion or arterial desaturation, whereas impaired oxygen utilization by the tissues reflects abnormal oxygen metabolism or dysoxia [15] . However, the lack of significant differences in haemodynamic and echocardiographic data, and blood-gas analysis between the two groups suggest dysoxia in group HL, with a weak oxygen extraction and utilization by the tissues in group HL, as suggested by the non-significant difference in arteriovenous oxygen content difference between groups HL and NL. Furthermore, in group HL, the inability to obtain a critical DO2 despite a wide DO2 challenge with VO2 dependency would suggest a pathological DO2/VO2 dependency [24] . In group NL, we probably did not decrease DO2 as much as necessary to obtain critical DO2 from which VO2 begins to decrease, with a further reduction in DO2. Thus our results suggest that critical DO2 in brain-dead patients with normal plasma lactate concentration was less than 330 ml min 91 m 92 which is the critical DO2 reported in patients during general anaesthesia [6, 7] . Conversely, critical DO2 in braindead patients with elevated plasma concentrations of lactate was not reached despite high DO2 levels, and remains unknown at present.
This pathological DO2/VO2 dependency has been reported in sepsis [10] , adult respiratory distress syndrome (ARDS) [11] , or both [9] . However, other recent studies in sepsis [13, 19, 20] and ARDS [14, 32] did not confirm this DO2/VO2 dependency, probably because VO2 was measured and not calculated. Thus, this is the first time that a DO2/VO2 dependency has been demonstrated using independent measures of DO2 and VO2.
Our study indicated the occurrence of dysoxia in some brain-dead patients, but did not enable us to determine precisely the mechanism(s) of these abnormalities. However, several hypotheses might be suggested: (1) the event causing brain death or brain death itself is able to release mediators or induce neurohumoral dysfunction altering the microcirculation, with oxygen diffusion impairment or microcirculatory mismatch, such as during sepsis, causing dysoxia; (2) a switch from aerobic to anaerobic metabolism caused by haemodynamic deterioration occurring during brain death may induce an oxygen debt in some patients and this debt may be paid off with increasing DO2. However, our study was conducted under stable haemodynamic conditions, several hours after resuscitation, and therefore this hypothesis is unlikely; (3) a reduction in circulating free triiodothyronine, as noted previously in brain-dead patients [3, 12] , may result in decreased oxidative metabolism. Indeed, it has been shown recently that high plasma lactate concentrations are associated with mitochondrial impairment in oxygen metabolism in brain-dead patients [33] .
Several limitations should be discussed to assess the clinical relevance of our study. First, systemic DO2 does not assess the effectiveness of regional DO2 in different organs and vascular beds [26] . Local and regional blood flow redistribution are important determinants of the adequacy of both regional and systemic oxygen uptake, as reported previously [34] . Brain death is associated with loss of peripheral vasomotor tone and an inability to redistribute blood flow appropriately [1] . Consequently, brain death may also modify the local or regional DO2/VO2 relationship, leading to potential organ impairment, despite appropriate systemic DO2. Second, elevated plasma lactate concentration might not always reflect tissue hypoxia, as lactate concentration results from the balance between lactate production and hepatic and renal clearance, the washout phenomenon after successful resuscitation, and from the activity of pyruvate dehydrogenase which may be inhibited as in sepsis. Nevertheless, in our study, none of the patients with elevated plasma lactate concentrations had hepatic or renal failure. Lastly, some authors [35] have supported the theory of obtaining supranormal values of DO2 to prevent dysoxia and organ system dysfunction in order to decrease mortality in critically ill patients. But a recent study failed to demonstrate any survival benefit from obtaining supranormal DO2 values [36] . In the management of organ donors, increasing DO2 in patients in group HL seems reasonable, but increasing DO2 to supranormal values has yet to be demonstrated. However, our results do not provide evidence that increasing DO2 may actually decrease plasma concentrations of lactate and that transplantation outcome could be modified by decreasing plasma lactate concentrations. Further studies are required to confirm this hypothesis.
